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EFFECT OF OPERATING VARIABLES ON POLLUTANT EMISSIONS FROM A I R C W T TURBINE ENGINE COMBUSTORS
by Jack Grobman L e w i s Research Center SUMMARY The purpose of t h i s paper i s t o review r e c e n t NASA-Lewis combustor r e s e a r c h aimed a t reducing o r e l i m i n a t i n g u n d e s i r a b l e exhaust emissions from j e t a i r c r a f t engines. conventional and experimental combustors over a range of i n l e t t o t a l p r e s s u r e , i n l e t t o t a l temperature, r e f e r e n c e v e l o c i t y , and f u e l -a i r r a t i o .
of o p e r a t i n g conditions on p o l l u t a n t emissions from j e t a i r c r a f t .
hydrocarbons and carbon monoxide emissions are shown t o increase markedly as f u e l -a i r r a t i o i s reduced below a value of about 0.01, This r e d u c t i o n i s p a r t l y due t o poor f u e l atomization and p a r t l y due t 0 t h e formation af f u e l -a i r mixtures i n t h e primary zone t h a t are below t h e f l a m a b i l i t y l i m i t . crease r a p i d l y as a c o r r e l a t i n g parameter, P T /V ( i n which P3 i s combustor i n l e t t o t a l p r e s s u r e , T3
and about 10 lbs-sec-'R/ft .
shown t o b e p a r t i c u l a r l y s e n s i t i v e t o r e f e r e n c e v e l o c i t y , index f o r t h e oxides of n i t r o g e n i s shown t o increase with i n c r e a s i n g i n l e t t o t a l temperature and decreasing r e f e r e n c e v e l o c i t y . For a given
primary zone a i r f l o w d i s t r i b u t i o n , smoke number i s shown t o i n c r e a s e w i t h i n c r e a s e s i n combustor i n l e t t o t a l p r e s s u r e and w i t h decreases i n comEmission tests have been performed on both Experimental r e s u l t s are presented t h a t demonstrate t h e e f f e c t T o t a l T o t a l hydrocarbon and carbon monokide emissions are shown t o in-

R'
i s combustor i n l e t t o t a l temperature, VR i s combustor r e f e r e n c e v e l o c i t y ) i s reduced below a v a l u e of 5 3 The emission index f o r carbon monoxide i s
The emission b u s t o r i n l e t t o t a l temperature.
Experimental tests have shown t h a t improving f u e l atomization by using an air-assist f u e l nozzle can s i g n i f i c a n t l y reduce hydrocarbon and carbon monoxide emissions during i d l e . Additional experimental designs are being i n v e s t i g a t e d t h a t optimize t h e l o c a l f u e l -a i r r a t i o i n t h e p r im a r y zone during i d l e by e i t h e r (1) u s i n g d i f f u s e r w a l l bleed t o c o n t r o l primary zone a i r f l o w o r (2) by using staggered f u e l nozzles.
length a n n u l a r swirl-can combustor has demonstrated a s i g n i f i c a n t reduc-
t i o n i n n i t r i c oxide emissions compared t o a c o n v e n t i m a l combustor opera t i n g a t similar c o n d i t i o n s . This r e d u c t i o n may b e a t t r i b u t e d t o reduced r e a c t i o n dwell t i m e as a r e s u l t of b o t h reduced burning l e n g t h and r a p i d mixing of combustion g a s e s and d i l u t i o n a i r . The premixing and carbur e t i n g of f u e l and a i r i n t h e swirl-can may a l s o p l a y a p a r t i n t h i s n i t r i c oxide reduction.
A s h o r t
An experimental combustor segment designed w i t h increased primary zone a i r f l o w and i n c r e a s e d mixing i n t e n s i t y h a s been t e s t e d t h a t demonstrates extremely low smoke numbers a t e l e v a t e d press u r e s ; however, t h e a l t i t u d e r e l i g h t c a p a b i l i t y of t h i s c o n f i g u r a t i o n has not been s a t i s f a c t o r y .
mine i f techniques such as d i f f u s e r w a l l bleed may b e used t o c o n t r o l F u r t h e r r e s e a r c h i s being pursued f~ d e t e rprimary zone a i r f l o w s o t h a t l e a n primary zone f u e l -a i r r a t i o s can be obtained during take-off t o reduce smoke formation and s o t h a t r i c h e r primary zone f u e l -a i r r a t i o s may b e obtained during i d l e and a l t i t u d e r e l i g h t .
INTRODUCTION
*
Exhaust emission d a t a from r e f e r e n c e (1) f o r a t y p i c a l commercial j e t engine are p l o t t e d a g a i n s t engine power s e t t i n g i n f i g u r e 1. The products of i n e f f i c i e n t combustion, carbon monoxide, and t o t a l hydroearbons, are shown t o b e h i g h e s t a t a power s e t t i n g of engine i d l e w h i l e oxides of n i t r o g e n are shown t o b e h i g h e s t during take-off.
b u s t i o n e f f i c i e n c y a t i d l e i s caused by (1) poor f u e l atomization a t low f u e l flow rates, (2) lower f u e l -a i r r a t i o s , and (3) l p w e r combustor i n l e t t o t a l p r e s s u r e and temperature.
take-off are kvown t o b e caused by a h i g h e r combustor i n l e t t o t a l tempera t u r e which a f f e c t s i t s r a t e of formation ( r e f . (23.
f i g u r e l w e r e obtained from a JT8D engine which has a compressor p r e s s u r e r a t i o of 1 6 : l . . I n general; i t would b e expected t h a t engines w i t h lower compressor p r e s s u r e r a t i o s would e x h i b i t h i g h e r carbon monoxide and hydrocarbon emissions during i d l e w h i l e engines w i t h h i g h e r compressor p r e s s u r e r a t i o s would e x h i b i t higher n i t r i c oxide emissions.
Lower comHigher n i t r i c oxide emissions during
The d a t a shown i n Smoke,number,usually tends t o maximize a t t h e take-off power s e t t i n g .
Reference (3) d e s c r i b e s a r e c e n t e f f o r t b y , t h e a i r l i n e s i n d u s t r y t o r e t r o f i t an e x i s t i n g commercial i n e w i t h a combustor redesigned w i t h increased primary zone a i r f l o w i n o r d e r t o reduce exhaust smoke d e n s i t y t o a v a l u e below t h e threshold of v i s i b i l i t y . engines are being designed w i t h smoke numbers t h a t are below t h e v i s i b l e threshold of smoke.
The newer gas t u r b i n e
Previous combustor design and development e f f o r t has been concent r a t e d on t h e optimization of combustion e f f i c i e n c y , t o t a l -p r e s s u r e l o s s , d u r a b i l i t y , e x i t temperature p r o f i l e , and a l t i t u d e r e l i g h t . Recent research has been devoted t o t h e development of s h o r t l e n g t h combustors f o r advanced high-temperature gas t u r b i n e engines ( r e f . ( 4 ) . The a d d i t i o n a l requirement f o r both low gaseous emissions and low smoke number raises t h e q u e s t i o n as t o t h e d i f f i c u l t y o r even f e a s i b i l i t y of a t t a i n i n g a l l of t h e p r e s c r i b e d emiesion l i m i t s without s e r i o u s l y compromising t h e o t h e r combustor performance criteria. I n a d d i t i o n , t h e problem arises t h a t a c e r t a i n design change t o minimize a given p o l l u t a n t may inadvert e n t l y l e a d t o an i n c r e a s e i n some o t h e r p o l l u t a n t . Combustor r e s e a r c h I i s r e q u i r e d t o g a i n a b e t t e r understanding of t h e design t r a d e -o f f s t h a t are necessary f o r minimizing p o l l u t a n t emissions a t v a r i o u s o p e r a t i n g conditions and t o d e v i s e new combustor design techniques t o o b t a i n reduced emissions without s a c r i f i c i n g engine performance. Furthermore, i t i s necessary t o consider how f u t u r e engine d e s i g n reqvirements might be a f f e c t e d by a restraint on p o l l u t a n t emissions.
The purpose of t h i s paper i s t o review recent NASA L e w i s combuptor r e s e a r c h ( r e f s . ( 4 ) t o (13)) aimed a t reducing o r e l i m i n a t i n g u p d e s i r a b l e exhaust emissions from j e t a i r c r a f t engines. Emission tests were performed on both conventioaal and experimental combustors over a range of i n l e t t o t a l p r e s s u r e , i n l e t t o t a l temperature, r e f e r e n c e v e l o c i t y , and f u e l -a i r r a t i o . T o t a l hydrocarbons, carbon monoxide, and n i t r i c oxide concentrations and smoke number were determined from gas samples obtained a t t h e exhaust plane of t h e s e t e s t combustors. Experimental r e s u l t s are presented t h a t demonstrate t h e e f f e c t s of o p e r a t i n g v a r i a b l e s on both combustion e f f i c i e n c y and exhaust emissions. The relative i n f l u e n c e of t h e v a r i o u s o p e r a t i n g v a r i a b l e s on t h e formation of each p o l l u t a n t i s discussed. Exhaust c o n c e n t r a t i o n s of t o t a l hydrocarbons, carbon monoxi d e , and n i t r i c oxide expressed i n terms of grams of p o l l u t a n t p e r k i l ogram of f u e l burned are p l o t t e d a g a i n s t t h e v a r i o u s combustor o p e r a t i n g v a r i a b l e s and a g a i n s t a c o r r e l a t i n g parameter t h a t has previously been used t o analyze combustion e f f i c i e n c y d a t a .
from several experimental combustor c o n f i g u r a t i o n s t h a t have demonstrated reduced emission levels.
Results are a l s o presented
Most of t h e experimental d a t a presented i n t h i s r e p o r t t h a t relates emissions w i t h o p e r a t i n g v a r i a b l e s were obtained from a program ( r e f s . (5) to (7)) i n which a s i n g l e 5-57 combustor w a s t e s t e d i n a 12-inch diameter housing, Tests were conducted a t t h e following conditions: i n l e t t o t a l p r e s s u r e , 1 -20 a t m ; i n l e t t o t a l temperature, looo -600 v e l o c i t y , 25 -150 f t / s e c ; and f u e l -a i r r a t i o , 0.004 -0.015, Photographs of t h e test combustor used are shown i n f i g u r e 2. A d d i t i o n a l emission d a t a are presented f o r a n experimental annular swirl-can combustor t h a t was designed f o r elevated combustor e x i t temperatures ( r e f s . (8) and ( 9 ) ) .
Design d e t a i l s of t h e swirl-can combustor are i l l u s t r a t e d i n f i g u r e 3.
The swirl-can combustor w a s t e s t e d a t t h e following o p e r a t i n g conditions:
i n l e t t o t a l p r e s s u r e , 4 -6 a t m ; i n l e t t o t a l temperature, 600' -1050' F; r e f e r e n c e v e l o c i t y , 70 -120 f t / s e c ; and exit t o t a l temperature, 1500' -3500' F ( f u e l -a i r r a t i o , 0.015 -0.062). (11)) i n which a high p r e s s u r e combustor w a s i n v e s t i g a t e d .
Design d e t a i l s of t h e experimental t e s t segment are shown i n f i g u r e 4 .
Smoke number d a t a f o r t h i s combustor are presented f o r t h e following range of test conditions: i n l e t t o t a l p r e s s u r e , 10 -27 a t m ; i n l e t t o t a l temperature, 400' -900 r a t i o , 0.007 -0.013. 
SAMPLING PROCEDURE
S p e c i f i c d e t a i l s of t h e sampling procedures t h a t w e r e used i n each r e s e a r c h program are described i n r e f e r e n c e s (5) t o (11) . P r a c t i c a l cons i d e r a t i o n s g e n e r a l l y l i m i t e d t h e number of gas sampling probes t o one o r two c i r c u m f e r e n t i a l p o s i t i o n s a t t h e combustw exhaust plane a t which a number of r a d i a l samples on t h e c e n t e r s of equal areas were obtained, and then c o l l e c t e d t o g e t h e r as a s i n g l e average sample. These probes w e r e water-cooled t o enable quenching of t h e r e a c t i o n , and t h e samples were t r a n s f e r r e d through s t a i n l e s s steel sampling l i n e s t h a t were genera l l y heated t o above 300' F.
analyzed f o r t o t a l hydrocarbons by on-line equipment; however, most of t h e samples were c o l l e c t e d i n sampling vessels and analyzed a t a l a t e r t i m e .
flame i o n i z a t i o n d e t e c t o r . Carbon monoxide was analyzed by a Beckman GC4 gas chromatograph, and oxides of n i t r o g e n were determined by a modif i e d Saltzman method based on r e f e r e n c e (14) . Smoke number w a s d e t e rmined from t h e r e f l e c t i v i t y of smoke traces c o l l e c t e d on f i l t e r paper using t h e method of r e f e r e n c e (15) w i t h t h e exception t h a t a continuous moving f i l t e r t a p e was used. A l i m i t e d number of grab samples were analyzed f o r carbon d i o x i d e and hydrogen. I n t h e case of t h e r e s e a r c h program described i n r e f e r e n c e (9), a f l u i d i c o s c i l l a t o r w a s a l s o used t o determine t h e f u e l -a i r r a t i o of t h e sample gas using t h e method of r e f e rences (16) and (17) .
Some of t h e gaseous emission samples were T o t a l hydrocarbons w e r e analyzed by m e a n s of a Beckman Model 106E
The v a l i d i t y of t h e gas sample d a t a w a s checked i n s p e c i f i c i n s t a n c e s by comparing t h e combustion e f f i c i e n c y c a l c u l a t e d from exhaust gab conc e n t r a t i o n s w i t h combustion e f f i c i e n c y determined from thermocouple measurements, or by comparing t h e l o c a l f u e l -a i r r a t i o deduced from exhaust gas concentrations with t h e f u e l -a i r r a t i o determined by mea&-ured a i r f l o w s and f u e l flows. I n g e n e r a l , t h e exhaust emission d a t a checked r a t h e r w e l l f o r t e s t runs with combustion e f f i c i e n c i e s g r e a t e r than about 90 p e r c e n t ; however, as combustion e f f i c i e n c y measuremenu determined by thermocouples f e l l below 90 percent, t h e e r r o r i n the exhaust sample increased g r e a t l y . S p e c i f i c a l l y , t h e t o t a l hydrocarbon concentration i n t h e exhaust sample appeared t o b e much lower than zhac 
t t r i b u t e d t o t h e following: (1) at low combustion e f f i c i e n c i e s , esp e c i a l l y a t low combustor i n l e t t o t a l temperatures, l i q u i d f u e l may pass
by t h e combustor exhaust plane and be undetected by t h e gas sample probes i f t h e l i q u i d is c e n t r i f u g e d onto t h e w a l l s of t h e d u c t ; (2) t h e use of only s e v e r a l c i r c u m f e r e n t i a l sampling p o s i t i o n s may i n many cases not provide a r e p r e s e n t a t i v e exhaust sample , and ( 3 ) i s o k i n e t i c sampling w a s
not used. Despite t h e f a c t t h a t t h e a b s o l u t e accuracy of t h e exhaust emission d a t a presented f o r low combustion e f f i c i e n c i e s i s I n error, t h e emission t r e n d s w i t h o p e r a t i n g c o n d i t i o n s should s t i l l b e of relative
s i g n i f i c a n c e .
A l l gaseous emission r e s u l t s presented h e r e i n are expressed f n terms of an emission index i n grams of p o l l u t a n t p e r kilogram of f u e l burned.
The oxides of n i t r o g e n p r e s e n t i n t h e exhaust sample are b e l i e v e d t o con- (NO2) ; n e v e r t h e l e s s , by convention, t h e emission index f o r the oxides of n i t r o g e n i s expressed i n terms of grams of n i t r o g e n d i o x i d e (NO2) p e r kilogram of f u e l burned. I n t h e t e x t , t h i s q u a n t i t y w i l l b e r e f e r r e d t o as e i t h e r n i t r i c oxide o r oxides of n i t r o g e n . b u s t i o n e f f i c i e n c y d a t a presented i n t h i s r e p o r t were determtned from thermodynamic c a l c u l a t i o n s using thermocouple measurements, racy of t h e combustion e f f i c i e n c y data.determined i n t h i s manner 5s esti-
PRODUCTS
The com-
The accumated t o b e w i t h i n about k3 p e r c e n t , These d a t a were obtained a t an in-t o poor f u e l atomization and reduced f u e l p e n e t r a t i o n because, a t low f u e l flows, t h e p r e s s u r e drop a c r o s s t h e f u e l nozzle is too low t o prov i d e e f f e c t i v e s w i r l atomization. Poor f u e l atomization causes l a r g e r f u e l d r o p l e t s t o form which i n c r e a s e s t h e t i m e required f o r v a p o r i z a t i o n w h i l e reduced f u e l p e n e t r a t i o n r e s u l t s i n i n e f f e c t i v e mixing of f u e l and a i r e
The air-assist n o z z l e d a t a shown i n t h e same p l o t were obtained by connecting a source of high p r e s s u r e a i r t o t h e secondary o r i f i c e of t h e production model. A marked improvement i n combustion e f f i c i e n c y i s shown t o b e obtained by t h e i n t r o d u c t i o n of t h e high p r e s s u r e a i r which essent i a l l y improved f u e l atomization of t h e production combustor. The improvement i n combustion e f f i c i e n c y i s e s p e c i a l l y l a r g e a t t h e lowest f u e l -a i r r a t i o where f u e l atomization was t h e poorest f o r t h e production combustor. However, even w i t h improved f u e l atomization, t h e r e i s s t i l l some r e d u c t i o n i n combustion e f f i c i e n c y as f u e l -a i r r a t i o i s decreased.
This way b e t r i b u t e d t o t h e formation of f u e l -a i r mixtures i n t h e p r imary zone t h a t are below t h e l e a n flammability l i m i t . The d a t a presented i n f i g u r e 5 were obtained a t a combustor i n l e t t o t a l p r e s s u r e and tempera t u r e t h a t are t y p i c a l of t h e engine i d l e power s e t t i n g , A d d i t i o n a l d a t a presented i n r e f e r e n c e (7) were obtained f o r h i g h e r combustor i n l e t t o t a l p r e s s u r e s and temperature f o r t h e same range of f u e l -a i r r a t i o . A similar b u t less s t e e p r e d u c t i o n i n combustion e f f i c i e n c y w i t h decreasing f u e l -a i r r a t i o was observed.
pected a t h i g h e r combustor i n l e t t o t a l p r e s s u r e s and temperatures, i n a d d i t i o n , f u e l atomization i s g r e a t l y improved a t h i g h e r f u e l flows.
A h i g h e r combustion e f f i c i e n c y i s , of course, ex- i s discussed i n a l a t e r s e c t i o n of t h i s paper.
EFFECT OF COMBUSTOR INLET TOTAL PRESSURE -The e f f e c t of combustor i n l e t t o t a l p r e s s u r e on combustion e f f i c i e n c y of t h e 5-57 combustor i s shown i n f i g u r e 6 ( a ) . These d a t a were obtained a t a r e f e r e n c e v e l o c i t y of 50 f t / s e c ; f u e l -a i r r a t i o s of 0.0075 and 0.013; and combustor i n l e t t o t a l temperatures of 300' and 600' F. e f f i c i e n c y i s shown t o decrease r a p i d l y as combustor i n l e t t o t a l p r e s s u r e is lowered below about 4 atm. p a r t l y a t t r i b u t e d t o t h e reduction i n i n l e t total, p r e s s u r e b u t is cons i d e r e d t o b e predominately caused by poor f u e l atomization a t t h e lowest combustor pressures as t h e r e s u l t of low nozzle p r e s s u r e drop. The t a i l e d symbols shown on t h e p l o t i n d i c a t e d a t a p o i n t s w i t h nozzle p r e s s u r e drops lower t h a n 50 p s i . combustor i n l e t t o t a l p r e s s u r e is reduced below a v a l u e of about 4 a t m .
EFFECT OF COMBUSTOR INLET TOTAL TEMPERATURF: - Figure 7 (a) shows a p l o t of combustion e f f i c i e n c y a g a i n s t combustor i n l e t tot-a1 temperature f o r v a l u e s of f u e l -a i r r a t i o of 0.013, i n l e t t o t a l p r e s s u r e s of 2 and 10 a t m , and r e f e r e n c e v e l o c i t i e s of 56) and 100 f t / s e c .
of accuracy of t h e d a t a , combustion e f f i c i e n c y is not shown t o b e s t r o n g l y a f f e c t e d by i n l e t t o t a l temperature f o r t h e range of d a t a shown except a t t h e higher r e f e r e n c e v e l o c i t y .
Within t h e degree
The hydrocarbon emission i n b x results f o r f h e same d a t a are shown p l o t t e d -i n f i g u r e 7(b).
rat@ Qf inGrease of hydrocarbon emissions with reduced cornbustor i n l e t p r e s is &own t o b e g r e a t e r f o r t h e data a t t h e lower i n l e t #iot@l corresponding i ncrease i n t k e .carbon ma0 w i t h d e c r e a s i n g combustor i n l e t t o t a l temperature I rate of increase i n t h e carbon monoxide edliss combustor i n l e t t o t a l temperature appears t o b e g r e a t o s i n l e t t o t a l p r e s s u r e and t y . It i s i n t e r e s t i n g t o n o t e t h a t t h e hydrocarbon and caasbw monoxide emission i n d i c e s show a s i g n i f i c a n t i n c r e a s e w i t h s i n g i n l e t t o t a l temperature even though combustion e f f i c i e n c y appeared r a t h e r i n s e n s i t i v e t o varying i n l e t t o t a l temperature. 'This i s a t t r i b u t e d t o the f a c t t h a t t h e o v e r -a l l v a r i a t i o n i n emission level t h a t w a s observed f o r some of t h e d a t a corresponds t o a change i n combustion e f f i c i e n c y t h a t is less t h a n t h e experimental e r r o r i n combustion e f f i c i e n c y determined from thermocouple measurements.
the d a t a obtained a t t h e lower EFFECT OF COMBUSTOR REFERENCE VELOCITY -Reference v e l o c i t y i s defined as t h e t o t a l combustor a i r f l o w d i v i d e d
by t h e product of combustor i n l e t d e n s i t y and maximum c r o s s -s e c t i o n a l area. Figure 8 (a) shows a p l o t of combustion e f f i c i e n c y a g a i n s t r e f e rence v e l o c i t y f o r t h e 5-57 combustor a t an i n l e t t o t a l p r e s s u r e of 2 a t m ;
f u e l -a i r r a t i o s of 0.0075 and 0.013; and a range of i n l e t t o t a l temperat u r e from 100' t o 600' F. 
i t y may b e a t t r i b u t e d t o e i t h e r poor mixing as
t h e r e s u l t of a lowering i n combustor p r e s s u r e drop o r t o poor f u e l atomi z a t i o n as t h e r e s u l t of a lowering i n f u e l n o z z l e p r e s s u r e drop as fuel.
flow i s lowered.
The crease i n carbon monoxide emissions as r e f e r e n c e v e l o c i t y is decreased.
This may b e a t t r i b u t e d e € f e c t that combustor dwell t i m e has
on the oxidatson of ca e primary zone. Appare n t l y as dwell t i m e i s reduced, lesser amounts of carbon monoxide are
oxidized t o carbon dioxide. These d a t a f o r t h e 5-57 combustor i n d i c a t e t h a t t h e i n c r e a s e i n carbon monoxide emissions with i n c r e a s i n g r e f e r e n c e v e l o c i t y is s t r o n g even a t an i n l e t t o t a l temperature as high as 300' F.
A t similar o p e r a t i n g c o n d i t i o n s , t h e e f f e c t of r e f e r e n c e v e l o c i t y on t h e hydrocarbon emission index appeazs t o b e t h e same f o r both combustors
shown; however, t h e rate of i n c r e a s e i n t h e carbon monoxide emission index appears t o b e g r e a t e r f o r t h e swirl-can combustor than f o r t h e 5-57
combustor when compared a t t h e same i n l e t t o t a l temperature of 600' F.
These r e s u l t s show a continuous i n -EFFECT OF CORRELATING PARAMETER -Previous s t u d i e s have c o r r e l a t e d combustion e f f i c i e n c y a g a i n s t a combustion parameter composed of i n l e t t o t a l p r e s s u r e , P3, m u l t i p l i e d by i n l e t t o t a l temperature, T3, and divided
by r e f e r e n c e v e l o c i t y , VR ( r e f . (18)).
c o r r e l a t i n g combustion e f f i c i e n c y d a t a provides a s i n g l e c o r r e l a t i n g I n g e n e r a l , t h i s technique of curve f o r only a s i n g l e valve of f u e l -a i r r a t i o f o r a given combustor o r combustor type. Combustion e f f i c i e n c y i s p l o t t e d a g a i n s t t h e c o r r e l a t i n g parameter P3T3/VR i n f i g u r e 9 ( a ) . These d a t a were obtained f o r t h e
5-57 combustor a t a f u e l -a i r r a t i o of O.OA3. A l l of t h e d a t a shown tend t o c o r r e l a t e w i t h t h e P T /V parameter except f o r t h e d a t a w i t h a f u e l
nozzle p r e s s u r e drop below 50 p s i . 3 
R The d a t a obtained a t a low n o z z l e p r e s s u r e drop would ngt be expected t o follow t h e c o r r e l a $ i o n because of t h e o v e r r i d i n g e f f e c t of poor f u e l atomization. Corresponding hydrocarbon and carbon monoxide emission i n d i c e s are p l o t t e d f o r t h e s e same d a t a a g a i n s t t h e c o r r e l a t i n g parameter i n f i g u r e 9(b) and ( c ) . T o t a l hydro
OXIDES OF NITROGEN EFFECT OF COMBUSTOR INLET TOTAL TEMPERATURE -The e f f e c t of comb u s t o r i n l e t t o t a l temperature on t h e m i s s i o n index f o r oxides of
n i t r o g e n f o r both t h e 5-57 combustor and swirl-can combustor i s shown p l o t t e d i n f i g u r e 10. The 5-57 d a t a were obtained a t a r e f e r e n c e vel o c i t y of 50 f t / s e c , f u e l -a i r r a t i o of 0.013, and i n l e t t o t a l p r e s s u r e of 2 a t m , w h i l e t h e swirl-can d a t a were obtained a t a r e f e r e n c e v e l o c i t y of 99-109 f t / s e c , f u e l -a i r r a t i o of 0.016, and i n l e t t o t a l p r e s s u r e of c r e a s e q u i t e r a p i d l y as i n l e t t o t a l temperature i s increased beyond a v a l u e of about 600' F.
The i n c r e a s e i n t h e emission index f o r oxides of n i t r o g e n w i t h i n c r e a s -S i m i l a r r e s u l t s were r e p o r t e d i n r e f e r e n c e (19).
i n g i n l e t temperature is a t t r i b u t e d t o an i n c r e a s e i n formation r a t e because of i n c r e a s i n g flame temperature.
F a c i l i t y c a p a b i l i t i e s l i m i t e d t h e maximum i n l e t t o t a l temperature t o 600' F f o r t h e 5-57 combustor tests.
sented i n r e f e r e n c e (7) over a range of i n l e t t o t a l temperature of 100'-
600' F f o r o t h e r o p e r a t i n g c o n d i t i o n s d i s p l a y a g r e a t d e a l of scatter; n e v e r t h e l e s s t h e g e n e r a l t r e n d of t h e s e re ts is similar t o t h a t shown i n f i g u r e 10. P a r t of t h i s data scatter may b e i n d i c a t i v e of t h e d i f f ic u l t y i n o b t a i n i n g accura oxfde of niftregen samples a t exhaust concent r a t i o n s below 50 ppm. Since the S @ . t z m analyslks technique used w a s estimated t o b e a c c u r a t e t o w i t abaut ppm, the bulk of t h e e r r o r may b e a t t r i b u t e d t o e i t h e r (I) n o n r e p r e s e n t a t i v e sampling o r ( 2 ) adsorpt i o n of a p o r t i o n o f , t h e oxides of n i t r o g e n i n t h e sampling system.
Other 5-57 combustor d a t a pre-EFFECT OF COMBUSTOR REFERENCE VELOCITY -The e f f e c t of combustor r e f e r e n c e v e l o c i t y on emission index of t h e oxides of n i t r o g e n f o r both the 5-57 combustor and swirl-can combustor i s shown i n f i g u r e 11.
temperature of 6 0 0 ' F, f u e l -a i r r a t i o of 0.013, and an i n l e t t o t a l p r e ss u r e of 2 a t m , w h i l e t h e swirl-can d a t a were obtained at an i n l e t t o t a l temperature of 600' F, f u e l -a i r r a t i o of 0.023-0,024, and an i n l e t t o t a l p r e s s u r e of 4 a t m . The r e s u l t s from both combustors i n d i c a t e a r a t h e r s i g n i f i c a n t i n c r e a s e i n n i t r i c o x i d e emissi
The ,J-57 d a t a were obtained a t an i n l e t t o t a l s w i t h decreasing r e f e r e n c e v e l o c i t y a t an i n l e t t o t a l temperature of 600' F.
rate of n i t r i c oxide i s r e a c t i o n rate c o n t r o l l e d , t h e q u a n t i t y formed would b e expected t o b e p r o p o r t i o n a l t o t h e dwell t i m e i n t h e r e a c t i o n
zone. It i s reasonable t o expect t h a t dwell t i m e would b e i n v e r s e l y p r o p o r t i o n a l w i t h combustor r e f e r e n c e v e l o c i t y .
a t o t h e r values of i n l e t t o t a l temperature f o r both combustors i n d i c a t e t h a t t h e r a t e of i n c r e a s e i n t h e emission index f o r oxides of n i t r o g e n w i t h decreasing r e f e r e n c e v e l o c i t y becomes g r e a t e r as t h e i n l e t t o t a l temperature i s i n c r e a s e d , Since t h e formation S i m i l a r d a t a obtained
EFFECT OF FUEL-AIR RATIO -The e f f e c t of f u e l -a i r r a t i o on emission index f o r oxides of n i t r o g e n f o r both t h e annular swirl-can combustor and 5-57 combustor i s shown p l o t t e d i n f i g u r e 1 2 . A s described i n r e f e r e n c e s (8) and (91, t h e annular swirl-can combustor h a s been designed f o r high exit temperature opera t i o n and has been t e s t e d up t o a combustor e x i t temperature of about 3600' F, i n l e t t o t a l temperature of 600' F, i n l e t t o t a l p r e s s u r e of 4-5 a t m , and r e f e r e n c e v e l o c i t y of 67-74 and 81-88 f t / s e c .
t a i n e d a t an i n l e t t o t a l temperature of 600' F, i n l e t t o t a l p r e s s u r e of 10-12 a t m , and r e f e r e n c e v e l o c i t y of 50 f t / s e c . The emission index f o r oxides of n i t r o g e n f o r t h e swirl-can combustor i n c r e a s e s with i n c r e a s i n g f u e l -a i r r a t i o and then reaches a peak v a l u e a t a f u e l -a i r r a t i o of about 0.03 b e f o r e l e v e l i n g off again.
combustor appear t o i n c r e a s e w i t h i n c r e a s i n g f u e l -a i r r a t i o ; however, t h e s c a t t e r i n t h e s e d a t a and o t h e r similar d a t a presented i n r e f e r e n c e (7) makes it d i f f i c u l t t o p r e c i s e l y d e f i n e t h e e f f e c t of f u e l -a i r r a t i o f o r
These d a t a f o r t h e swirl-can combustor were obtained a t an
The 5-57 d a t a w e r e ob-
The n i t r i c oxide emissions f o r t h e 5-57 t h e range of d a t a s t u d i e d . EFFECT OF COMBUSTOR INLET TOTAL PRESSURE -Exhaust emission tests
have been conducted on t h e 5-57 combustor over a range of i n l e t t o t a l p r e s s u r e s of 1-20 a t m ( r e f . (7)) A t t h e lower end of t h i s range i n i n l e t t o t a l p r e s s u r e (under 4 atm), where i n l e t t o t a l p r e s s u r e has an i n f l u e n c e on combustion e f f i c i e n c y , t h e emission index f o r oxides of n i t r o g e n tends t o i n c r e a s e w i t h i n c r e a s i n g i n l e t t o t a l p r e s s u r e . This e f f e c t may b e a t t r i b u t e d t o an i n c r e a s e i n t h e bulk temperature of t h e primary zone because of increased combustion e f f i c i e n c y . However, vari a t i o n s i n any o t h e r o p e r a t i n g v a r i a b l e s t h a t increase combustion e f f iciency have a l s o been observed t o i n c r e a s e n i f r i c oxide emissions.
Above 4 a t m , n i t r i c oxide emissione appeared t o be i n s e n s i t i v e t o varia t i o n s i n i n l e t t o t a l p r e s s u r e ; however, t h e r e is conbiderable s c a t t e r i n t h e s e d a t a fhus leaving some question as t o t h e v a l i d i t y of t h i s conc l u s i o n .
EFFECT OF CORRELATING P A W T E R -The emission index f o r oxides of n i t r o g e n i s shown p l o t t e d a g a i n s t t h e c o r r e l a t i n g parameter, P T /V i n f i g u r e 13. These d a t a from t h e 5-57 test combustor were obtained a t a f u e l -a i r r a t i o of 0.013. Despite a g r e a t d e a l of d a t a scatter, t h e r e is a g e n e r a l tendency f o r n i t r i c oxide emissions t o i n c r e a s e w i t h increasing v a l u e s of P3T3/VR. flame temperature and i n c r e a s i n g dwell t i m e which are e f f e c t e d by inc r e a s i n g i n l e t t o t a l temperature and decreasing r e f e r e n c e v e l o c i t y , r e s p e c t i v e l y , as has been shown i n t h e previous s e c t i o n s of t h i s r e p o r t . I n l e t t o t a l p r e s s u r e has been observed t o have no e f f e c t on t h e n i t r i c oxide emission l e v e l except a t low
R'
This e f f e c t i s mainly a t t r i b u t e d t o i n c r e a s i n g values of i n l e t t o t a l pressure where i n c r e a s i n g t o t a l p r e s s u r e has a s t r o n g e f f e c t on improving combustion e f f i c i e n c y . I n a l l cases s t u d i e d , i n c r e a s i n g combustion e f f i c i e n c y has been shown t o i n c r e a s e t h e q u a n t i t y of n i t r i c oxide t h a t is formed.
N o attempt h a s been made t o improve t h e c o r r e l a t i o n shown by t h i s f i g u r e . c a b i l i t y considering t h e f a c t t h a t t h e d a t a presented i n f i g u r e 13 were l i m i t e d t o a maximum v a l u e of i n l e t t o t a l temperature of 600 F and previous r e s u l t s shown h e r e i n f o r t h e swirl-can combustor and t h e r e s u l t s of r e f e r e n c e (19) i n d i c a t e a r a p i d i n c r e a s e i n n i t r i c oxide emissions as
T3 p l i n g procedure t o o b t a i n more a c c u r a t e n i t r i c oxide emission d a t a are r e q u i r e d p r i o r t o seeking improvements i n d a t a c o r r e l a t i o n .
The c o r r e l a t i n g parameter, P T /V probably h a s l i m i t e d appli-3 3 R 0 i s increased above a v a l u e of 600' F. However, refinements i n sam-
SMOKE NUMBER
The p r e s e n t c r i t e r i o n used t o determine acceptable smoke number primary zone has a l s o been recognized as an important s t e p i n c o n t r o l l i n g exhaust smoke level. Figure 14 compares t h e smoke i n t e n s i t y (expressed as a carbon emission index) i n t h e primary zone t o t h a t at t h e combustor exhaust f o r t h e high p r e s s u r e combustor ( f i g . 4 ) described i n r e f e rThe oxidation of carbon formed i n t h e ence (10) . Primary zone smoke concentrations were determined from i n f r a -r e d s p e c t r a l r a d i a n c e measurements.
f o r a combustor c o n f i g u r a t i o n designed w i t h a l e a n , i n t e n s e l y mixed primary zone t h a t had smoke number of 32 a t a f u e l -a i r r a t i o of 0.013.
Even i n a combustor designed f o r low smoke formation, a s i g n i f i c a n t q u a n t i t y of s o o t i s formed i n t h e primary zone t h a t is l a t e r oxidized b e f o r e leaving t h e combustor. Similar r e s u l t s were reported i n r e f e rence (26) tends t o i n c r e a s e w i t h combustor i n l e t t o t a l p r e s s u r e t o varying degrees f o r d i f f e r e n t combustor c o n f i g u r a t i o n s depending upon a i r f l o w d i s t r i b ut i a n and mixing i n t e n s i t y . ( 5 ) ) and an experimental high p r e s s u r e combustor ( r e f . (10)) is shown i n f i g u r e 16. The 5-57 combustor d a t a were obtained a t an i n l e t t o t a l p r e s s u r e of 12.3 a t m , a f u e l -a i r r a t i o of 0.013, and a r e f e r e n c e v e l o c i t y of 54 f t / s e c w h i l e t h e experimental.
high p r e s s u r e combustor d a t a were obtained a t an i n l e t t o t a l p r e s s u r e of 10 a t m , a f u e l -a i r r a t i o of 0.013, and a r e f e r e n c e v e l o c i t y of 60 -90 f t / s e c .
t o t a l temperature has a l s o been observed i n r e f e r e n c e (29).
may b e b e n e f i c i a l i n m i t i g a t i n g t h e e f f e c t of i n c r e a s e d i n l e t t o t a l press u r e i n engines w i t h h i g h e r compressor p r e s s u r e r a t i o s .
The r e d u c t i o n i n smoke number w i t h i n c r e a s i n g i n l e t Data presented i n r e f e r e n c e (29) f o r t h e P h i l l i p s 2-inch combustor i n d i c a t e d a n e g l i g i b l e e f f e c t of combustor r e f e r e n c e v e l o c i t y on smoke number. P Experimental d a t a f o r t h e 5-57, swirl-can and high p r e s s u r e comb u s t o r t o demonstrate t h e e f f e c t of r e f e r e n c e v e l o c i t y on smoke number has n o t been obtained s y s t e m a t i c a l l y . An i n c r e a s e i n r e f e r e n c e v e l o c i t y could conceivably decrease smoke nufnber € o r a s p e c i f i c combustor geometry i f t h e r e s u l t i n g i n c r e a s e i n pressure loss tended t o improve t h e primary zone mixing i n t e n s i t y .
No p r e c i s e r e l a t i o n s h i p e x i s t s between combustion e f f i c i e n c y and smoke number. The e x i s t e n c e of smoke i n ehe combustor exhaust r e p r e s e n t s only a f r a c t i o n of a percent l o s s i n combustion e f f i c i e n c y . A h i g h e r smoke number due t o a f u e l -r l c h primary zone design i s o f t e n characteri s t i c of a combustor c o n f i g u r a t i o n w i t h both good combustion s t a b i l i t y and good combustion e f f i c i e n c y . For a given combustor geometry, modific a t i o n s made t o reduce smoke number w i l l g e n e r a l l y reduce a l t i t u d e rel i g h t c a p a b i l i t y . \ TECHNIQUES TO REDUCE EXKAUST EMISSIONS TOTAL HYDROCARBONS AND CARBON MONOXIDE -R e s u l t s i n r e f e r e n c e (6) f o r t h e 5-57 combustor t h a t were presented described i n a previous s e c t i o n ( f i g . 5) have shown t h a t improving f u e l atomization by using an air-assist f u e l nozzle can s i g n i f i c a n t l y reduce unburned hydrocarbon and carbon monoxide emissions a t i d l e o p e r a t i n g cond i t i o n s . The e f f e c t of atomizer a i r p r e s s u r e drop on cornbustion e f f iciency and emissions a t t h e same conditions as t h e d a t a i n f i g u r e 5 a t a f u e l -a i r r a t i o of 0.008 i s shown i n f i g u r e 1 7 . A s i g n i f i c a n t r e d u c t i o n i n t o t a l hydrocarbon and carbon monoxide was obtained u s i n g an atomizer a i r p r e s s u r e drop as low as 100 p s i . The q u a n t i t y of compressed a i r required t o achieve t h e reductions i n emissions shown i n f i g u r e 1 7 amounts t o less than 0.5 percent of t h e t o t a l combustor a i r f l o w a t i d l e . This might b e obtained from engine compressor b l e e d by using an a u x i l i a r y supercharger with a compression r a t i o of about 4 . 3 . (12)) have demonstrated t h a t t h e r a d i a l v e l o c i t y p r o f i l e may b e s h i f t e d t o e i t h e r t h e hub o r t i p by independently c o n t r o l l i n g t h e q u a n t i t y of b l e e d on t h e i n n e r and Quter w a l l of t h e d i f f u s e r . This technique could b e used as shown i p f i g u r e 18. b u s t o r p r e s s u r e drop is low, w a l l bleed would n o t b e used; however, t h e combustor i n l e t would purposely b e 4esigngd rrnsymmetrical t o t h e combust o r l i n e r i n o r d e r t o allow m c p t of $he a i r t o bypass t h e primary zone. The same technique could b e gpplied f~ improve a l t i t u d e windmill OXIDE8 OF NITROGEN -Over $he s q v e r a l years, NASA/Lewis has g combustor l e n g t h i n high been conducting r e s e a r c h aimed a t r temperature t u r b i n e engines i n o r d e r both t o minimize combustor w a l l coolant requirements and t o minimize o v e r a l l engine weight ( r e f , ( 4 ) ) .
F o r t u i t o u s l y , t h e short-length c u s t o r technoiogy.developed f o r t h e s e purposes provided u s w i t h a combustor w i t h a s h o r t dwell t i m e t h a t h a s been shown t o b e e f f e c t i v e i n reducing. t h e formation of oxides of n i t r o g e n . Tests performed on the swirl-can combustor ( f i g .
3)
described h e r e i n have demonstrated a s i g n i f i c a n t reduction i n n i t r i c oxide emissions compared t o a conventional cambustor o p e r a t i n g a t s i mi l a r c o n d i t i o n s .
The u s e of f u e l prevaporization o r f u e l -a i r premixing may a l s o b e u s e f u l i n reducing n i t r i c oxide emissions. Never-t h e l e s s , t h e r e d u c t i o n of oxides of n i t r o g e n i n h i g h compressor p r e s s u r e r a t i o engines o r r e g e n e r a t i v e engines which o p e r a t e a t combustor i n l e t t o t a l temperatures of 1000° F o r g r e a t e r may n e c e s s i t a t e t h e u s e of water i n j e c t i o n . Water i n j e c t i o n reduces t h e q u a n t i t y of oxides of n i t r o g e n formed by decreasing flame temperature. i n l a r g e j e t engines t o h i g h e r compressor p r e s s u r e r a t i o s s u g g e s t s t h a t i n t h e f u t u r e t h e c o n t r o l of both oxides of n i t r o g e n and smoke may become a more challenging problem.
SMOKE NUMBER -As i n d i c a t e d i n t h e previous
on t h e p o s s i b l e i n f l u e n c e of emission r e g u l a t i o n s on f u t u r e a i r c r a f t engine designs. 
